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background: Photodynamic therapy (PDT) causes tissue damage that initiates a local inflammatory response. Post-PDT reactions are 
considered to assist in mobilising the immune system thereby affecting tumour recurrence. The initiating process of the 
PDT-dependent tissue reaction remains to be determined. 

methods: Primar/ cultures of human lung cells were established. The photoreaction mediated by pyropheophorbide-a, at specific 
subcellular sites and levels resulting in the release of alarmins by epithelial cells (Eps), was defined by immunoblot analyses and 
expression profiling. The activity of Ep-derived factors to stimulate expression of proinflammatory mediators, including IL-6, and to 
enhance neutrophil binding by fibroblasts (Fbs) was determined by functional bioassays. 

results: Epithelial cells release \L-\p as the primar/ Fb-stimulatory activity under basal conditions. Intracellular IL-la, externalised 
following photoreaction, accounts for most of the PDT-mediated Fb activation. Expression of IL- 1 is subject to increase or loss during 
oncogenic transformation resulting in altered alarmin functions mobilisable by PDT. Photoreaction by a cell surface-bound 
photosensitiser (PS) is 10-fold more effective than PSs localised to mitochondria or lysosomes. High-dose intracellular but not cell 
surface, photoreaction inactivates IL-I and reduces Fb stimulation. 

conclusion: These in vitro data suggest that the subcellular site and intensity of photoreaction influence the magnitude of the stromal 
cell response to the local damage and, in part, support the relationship of PDT dose and level of post-PDT inflammatory response 
obsen/ed in vivo. 
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Photodynamic therapy (PDT) of a tissue lesion represents a 
confined sterile injury that leads to a local inflammatory response. 
By selecting a defined concentration and subcellular localisation of 
a photosensitiser (PS) and by delivering a specific therapeutic light 
dose, the photoreaction elicits a response in target cells that can 
range from sub -lethal oxidative reactions to the activation of 
apoptosis and immediate necrotic cell death (Oleinick et al, 2002; 
Wong et al 2003; Buytaert et al, 2007). While killing of target cells, 
as in the case of cancer, is a major goal, successful treatment 
outcome also depends on post-PDT processes, such as inflamma- 
tion, acute phase reaction, recruitment of immune functions, and 
execution of healing programs (Agostinis et al, 2011). Earlier 
in vivo work has shown the causal relationship of PDT-mediated 
tissue injury with presentation of intracellular epitopes, inflamma- 
tion, activation of immune cells, and tumour control (GoUnick 
et al, 2003; Kousis et al, 2007). 

While the inflammatory process to sterile tissue injury has been 
defined in detail, the involvement of comparable reactions in the 

*Correspondence: Dr H Baumann; 
E-mail: heinz.baumann@roswellpark.org 

Received 22 June 20 1 2; revised 29 August 20 1 2; accepted 30 August 
2012; published online 20 September 20 1 2 



response to PDT has been proposed, but remains to be determined 
(Garg et al, 2011). The initiation of the inflammatory process has 
been ascribed to the action of alarmins that include damage- 
associated molecular pattern proteins (DAMPs), cytokines and 
metabolites (Gallucci and Matzinger, 2001; Bianchi, 2007). These 
molecules preexist in cells and are ready for immediate release 
upon damage. Based on the concept of passive release, mechanical 
dissociation of cells and necrotic cell death are considered to be the 
prevalent processes by which alarmins are presented at sites of 
tissue injury. 

Several abundant intracellular proteins serve as DAMPs and act 
as first-line alarmins (Foell et al, 2007; Lotze et al, 2007; Osterloh 
and Breloer, 2008; Riddell et a/, 2010). Among these are HSP90 and 
HSP70, SI 00 proteins, peroxiredoxin- 1 (PRXl), and high-mobility 
group protein Bl (HMGBl). Damage-associated molecular pattern 
proteins are recognised by various receptor systems, including 
Toll-like receptors (TLRs), Nod-like receptors, receptor for 
advanced glycation end products and other scavenger receptors, 
and are considered to trigger signalling. Besides DAMPs, 
intracellular cytokines, such as IL-la and IL-33, are released upon 
cellular disintegration (Moussion et al, 2008; Cohen et al, 2010). 
These cytokines assume immediate signalling functions via their 
cognate receptors on neighbouring cells. Additional contributors 
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to the local inflammatory reaction are mediators that are either 
activated from latent pro-forms or are synthesised, such as 
derivatives of inflammasomes or de novo-synthesised proinflam- 
matory cytokines and chemokines (Bryant and Fitzgerald, 2009; 
Dinarello, 2009). Cells spared by the initial tissue damage are 
targets of alarmins and include stromal cells, resident tissue 
macrophages, dendritic cells and chemotactically attracted per- 
ipheral blood leucocytes (Gollnick et a/, 2003; Bianchi, 2007; 
Bratton and Henson, 2011; Laskin et al, 2011). These cells produce 
the second wave of mediators contributing to the tissue injury 
response and, following the mediators' systemic distribution, to acute 
phase reactions at distant organ sites (Baumann and Gauldie, 1994). 

This study investigated the relationship of the subcellular site of 
PDT and PDT dose on the release of alarmins in primary cultures 
of normal and transformed lung epithelial cells (Eps). The results 
indicate a highly effective, PDT-dependent communication of 
alarmin function toward stromal fibroblasts (Fbs) that exceeds the 
one detectable toward pulmonary macrophages. The data also 
indicate a magnified cell-damaging effect of PDT and alarmin 
release when the PS is confined to the cell surface. In contrast, 
high- dose intracellular photoreaction, despite causing immediate 
necrotic cell death, results in the inactivation of alarmins and, thus, 
in a drastically reduced induction of inflammatory mediators in 
stromal cells. 



MATERIALS AND METHODS 
Photosensitisers 

2-(l-Hexyloxyethyl)-2-devinylpyropheophorbide-a (HPPH) and HPPH- 
galactose (HPPH-Gal) were generated in the laboratory of Dr R Pandey 
(Zheng et al, 2009) and used as described (Tracy et al, 2011). 

Cells 

Primary cultures of lung cells were generated from surgical 
specimens obtained from tissue procurement services at RPCI 
under IRB-approved protocol as described (Loewen et al, 2005; 
Chattopadhyay et al, 2007; Tracy et al, 201 1) and are listed with the 
laboratory protocol number assigned to each specimen (e.g., 
L297). Tumour-free lung tissue was the source for 'normal' cell 
types: alveolar pneumocytes II (N-Ep), fibroblasts (N-Fbs) and 
macrophages. Airways in resected lung segments were brushed 
and the collected mucosal tissue was processed to obtain cultures 
of bronchial Eps (BEC) (Loewen et al, 2005). Dissected lung 
squamous carcinoma or adenocarcinoma served as the source for 
tumour Eps (T-Eps) and tumour-associated fibroblasts (T-Fbs). As 
described in detail (Tracy et al, 2011), all Ep cultures were 
selectively grown and maintained in collagen 1 -coated culture 
dishes in serum-free keratinocyte medium supplemented with 
recombinant EOF, bovine pituitary extract and cholera toxin 
(KSFM; Invitrogen, Carlsbad, CA, USA). Incubation with PSs, light 
treatment and post-PDT culturing were performed either in 
serum-free RPMI or in KSFM that did not contain supplements 
in order to avoid interference with subsequent bioassays for 
cytokine activity on Fb or macrophages. Long-term cultures ( > 10 
passages) of T-Ep from surgical adenocarcinoma specimens 
(T-Ep(L237) and T-Ep(L301)), or from squamous carcinoma 
xenografts (TEC-1, TEC-2 and TEC-9), were adapted for growth 
in DMEM containing 10% foetal bovine serum (Tracy et al, 2011). 
A subclonal line of A549 adenocarcinoma cells (ATCC, Manassas, 
VA, USA) (Chattopadhyay et al, 2007) was cultured in DMEM 
containing 10% foetal bovine serum. Incubation of these 
established cell lines with PS and light treatment occurred in 
serum-free DMEM. 

Human peripheral blood neutrophils were isolated from the 
erythrocyte pellet after ficoll-hypaque separation of whole blood 
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(pellet provided by the bone marrow procurement laboratory at 
RPCI). Following erythrocyte lysis, neutrophils were stained with 
carboxyfluorescein succinimidyl ester (CFSE; Invitrogen). An IL-1 
receptor-negative line of rat hepatoma H-35 cells (Reuber, 1961; 
Baumann et al, 1989) with enhancer- trapped green fluorescent 
protein (GFP) gene inserted into the fourth intron of the 
hemopexin gene (unpublished) served as bioassay system for 
IL-6 activity. Induction of GFP is STAT3-specific and strictly 
dependent on signalling by IL-6-type cytokine receptors 
(Immenschuh et al, 1995; unpublished). 

Photosensitiser uptake and photoreaction 

Cells were incubated for 30min at 37° C with serum-free medium 
containing defined concentrations of PSs. For exclusive cell surface 
binding of HPPH-Gal, the cells were incubated for 30 min on ice. 
Internalisation of PS was achieved by incubating cells in PS-free 
medium for 4-24 h at 37°. Cell-associated PS was visualised at 
X 100 magnification on an inverted fluorescence microscope 
(Zeiss Axiovert 200, Jena, Germany; filter setting lex 410/440 nm 
and Xem 675/750 nm). Fluorescence was recorded with a 
Q-Imaging camera in a 16-bits per channel format within the 
linear range of light detection. Fluorescence in full-frame images 
were quantified by integrating pixel values using ImageQuant TL 
programme (GE Healthcare Life Science, Pittsburgh, PA, USA), 
corrected for background (culture without PS) and net values 
calculated for a uniform 1-s image exposure (termed fluorescence 
units (FU); 1 FU = 1 x 10^ pixel). 

Photoreaction was performed by illuminating PS-treated cell 
cultures in serum-free medium at 37° or 0° C with 665 nm light of 
an argon-pumped dye laser for 9 min at a dose of 5.6 mW cm ~ ^ for 
a total fluence of 3 J cm ~ ^. Cells were either extracted immediately 
after light treatment or incubated at 37° for time periods ranging 
from 2 to 24 h. Conditioned medium (CM) was removed after 
specified time intervals and replaced by fresh medium. Condi- 
tioned medium and adherent cell material were collected for 
analysis of Fb-stimulatory activity (FSA) and cellular proteins. 

Cell analyses 

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer. 
Aliquots of extracts or CM were subjected to western blotting as 
described (Liu et al, 2004; Chattopadhyay et al, 2007; Tracy et al, 
2011). Membranes were reacted with one of the primary 
antibodies: STAT3, ERKl/2, cytochrome C, HSP90, or HSP70 
(Santa Cruz Biotechnology, Santa Cruz, CA, USA); PY705-STAT3, 
P-ERKl/2, p38, PT180/PY182-p38, PS536-p65, p65, EGFR, Akt, 
PS473-Akt, IL-la (R&D, Minneapolis, MN, USA); HMGBl, CD54/ 
ICAM-1 (Cell Signaling Technology Inc., Danvers, MA, USA); 
PRXl (Abnova, Taiwan, ROC); human haptoglobin (Accurate 
Chemical, Westbury, NY, USA); or actin (Sigma- Aldrich, St Louis, 
MO, USA). The immune complexes were visualised with perox- 
idase-coupled secondary antibodies and enhanced chemilumines- 
cence detection (Pierce Chemicals, Rockford, IL, USA). STAT3 
crosslinking was expressed by the percentage conversion of 
monomeric STAT3 into the dimer form I of STAT3 (Liu et al, 
2004; Henderson et al, 2007; Tracy et al, 2011). Immunodetectable 
level of ERK-1/-2 in cell homogenates served as sample loading 
reference. Viable cells were determined by counting in a 
hemocytometer using trypan blue exclusion as viability criterion. 

Transcript analysis by affymetrix gene chip array 

Replicate sets of BEC in 10-cm-diameter dishes were subjected to 
control and 25 nM HPPH-PDT followed by incubation for 2 and 
24 h. Three replicate sets N-Fb cultures were treated for 24 h with 
growth medium alone or containing 1/10 diluted Ep CM 4h post 
50 nM HPPH-PDT. RNAs were extracted from the cultures and 
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processed according to the Affymetrix GeneChip Expression 
Analysis Manual (Affymetrix Inc., Santa Clara, CA, USA) as 
described (Hawthorn et al, 2006). The cRNA samples were 
hybridised to Human Genome U133 Plus 2.0 Array. Data were 
normalised (Hawthorn et al, 2006) and compared for > two-fold 
treatment- induced changes in transcripts. 



Fibroblast assay for alarmin and IL-1 activity, production 
of IL-6 and neutrophil binding 

Confluent Fb cultures in 48-well plates (~1 x 10^ cells per well) 
were treated with DMEM containing 10% fetal bovine serum 
(ISOjtil per well) alone or containing either 1/3 to 1/10 diluted Ep 
CM; lOngml"^ of recombinant IL-lj] or IL-1 a (17 kD; Peprotech, 
Rocky Hill, NJ, USA); IL-1F9 or IL-33 (R&D); or COS-1 cell- 
derived IL-1 a (17kD + 31kD forms; Genetics Institute/ Wyeth 
Research, Boston, MA, USA); lOOngml"^ oncostatin M (OSM) 
(Chattopadhyay et al, 2007); lOOngml"^ hyper-IL-6 (Rakemann 
et al, 1999); l^gml"^ LPS (Sigma-Aldrich); or lO^gml"^ heat- 
killed Salmonella. To determine signalling, Fb were extracted after 
a 15-min treatment and analysed by immunoblotting. To induce 
ICAM-1 and cytokine genes, Fb were treated for 24 h. Fb CM were 
collected. Cells were rinsed once with serum-free RPMI and 
incubated with CSFE-stained neutrophils (2 x 10^ in 0.5 ml serum- 
free RPMI) for 15 min at 37° C. Culture wells were washed four times 
with serum-free medium. CSFE-fluorescence was scanned in a 
Typhoon Trio (GE Healthcare Life Sciences) and quantified by 
ImageQuant TL analysis (GE Healthcare Life Sciences). The 
integrated pixel value for the entire culture well served as arbitrary 
unit of CSFE-neutrophil binding in each experimental series. 
Adherent cells were extracted with RIPA buffer and analysed for 
ICAM-1 and neutrophil haptoglobin by western blotting. In each 
experimental series, one culture was treated with lOngml" ML-1j5 as 
a reference for maximal IL-1 response. The amount of IL-6 in CM (or 
IL-1 in Ep CM) was determined by Luminex immunobead binding/ 
flow cytometry (Luminex, Austin, TX, USA and Bio-Rad, Hercules, 
CA, USA). Activity of IL-6 in CM was determined by a bioassay on 
H-35 cells. Monolayers of H-35 cells with enhancer-trapped GFP were 
treated in 96-well culture plates for 24 h with 100 fA per well of DMEM 
containing 0.5% fetal bovine serum, 1 fiu dexamethasone and serially 
diluted aliquots of CM. Treatment-induced GFP was quantified by 
fluorescence imaging in a Typhoon-Trio and ImageQuant analysis. In 
every assay, serially diluted human IL-6 was included as reference. 
Maximal GFP induction was defined by the response to lOOngml" ^ 
IL-6 (half-maximal induction at ~lngml~^ IL-6). The amount of 
IL-6 in test samples (expressed as ng IL-6 released by 1 x 10^ cells in 
24 h) was calculated based on the dose-response profile to the IL-6 
standard. The coupled Fb/H-35 cell assay also allowed quantification 
of IL-1 in which the dose-dependent induction of IL-6 expression by 
10-fold serially diluted Ep CM was compared with that of 10-fold 
serially diluted IL-1 a or IL-ip standards (half-maximal response for 
both IL-1 forms at ~0.1ngml~^). The contribution of IL-la, IL-ip 
and IL-6 to the regulatory activities defined by the Fb/H-35 cell assay 
was determined by inhibition with neutralising antibodies against IL- 
la, IL-ip and the common signal-transducing receptor subunit for 
IL-6-type cytokines, gpl30, respectively (R&D). 



Size fractionation of cellular protein 

Conditioned medium from Ep cultures in 10-cm-diameter dishes 
were collected 2h and 24 h after 50 nM HPPH-PDT and concen- 
trated 30-fold. Tumour Ep in a 10-cm dish were scraped in 300 fA 
PBS and homogenised by ultrasonication. Proteins in centrifuged 
CM or homogenate were size-separated on a Sephadex G150 
column (0.9 x 30 cm; Pharmacia, Uppsala, Sweden) in sterile PBS 
and collected in 0.5 ml fractions. The elution profile was calibrated 
by chromatographing reference proteins. 



Statistical evaluation 

Quantitative results were expressed as mean and s.d., and the 
significance was evaluated by Student's t-test. Box plots of 
expression data were drawn using the online R programme 
(http://www.r-project.org/). The results are illustrated with the box 
indicating median (thick line) and two quartiles (25-75%), 
whiskers for values within 1.5 interquartile range and dot for 
outlier. 



RESULTS 

Fibroblasts as targets of alarmins 

Exploratory studies with primary human lung cells and combina- 
tions of these in three-dimensional co-cultures indicated a 
constitutive release of factors by Ep that stimulated Fb to enhance 
the expression of IL-6. Photodynamic therapy further increased 
the release of this stimulatory activity, which was termed 'FSA'. 
Notably, the Ep-derived factors did not appreciably activate 
pulmonary macrophages. These observations suggested a commu- 
nication from epithelial to mesenchymal cells that might have a 
role in the PDT response of lung tissue and that was separate to the 
minor contribution by macrophages. The current study set the 
goal to identify this Ep-to-Fb communication. 

As the first step in defining this Fb regulation, we determined 
the specificity by which Fb responded to known irritants and 
cytokines associated with infiammation and whether the regula- 
tory property was consistent among preparations and passages of 
N-Fb and T-Fb. This information was necessary because primary 
Fb cultures were chosen as an assay system for Ep-derived 
mediators. The activation of intracellular signalling pathways and 
induction of genes served as markers for the Fb response. Two 
assays were applied: one determined the activation of signalling 
pathways by a 15-min treatment (Figure lA and D, upper 2 panels) 
and the other measured after 24-h treatment the release of IL-6 
activity, enhanced ICAM-1 expression and increased neutrophil 
binding (Figure IB-D (lower 2 panels) and E). 

While Fb failed to respond to TLR-2, -4 and -5 agonists (LPS and 
Salmonella) by enhanced phosphorylation of p38 stress MARK and 
P65/NFk:B, the cells activated these pathways when treated with the 
cytokine combination derived from LPS-activated macrophages. 
The response to macrophage CM also included signalling through 
gpl30 (STAT3 phosphorylation), in agreement with the predicted 
combinations of IL-l/TNF/OSM/IL-6 released by activated macro- 
phages (Laskin et al, 2011). Epithelial cell CM-stimulated signalling 
with the hallmarks of IL-l/TNF (phosphorylation of p65/NFkB and 
p38 MARK), but without a detectable effect on the gpl30 pathway 
(no measurable STAT3 phosphorylation). Photodynamic therapy 
enhanced the release of this Ep activity (Figure lA). Activation of 
NFkB and p38 by Ep CM or IL-1 was proportionally reflected after 
24 h in the induced ICAM-1 expression and enhanced neutrophil 
binding monitored by CSFE-fluorescence (Figure IC and D) and 
detection of neutrophil- derived haptoglobin (Figure IB). 

The regulatory capability of primary Fb cultures was significant 
and highly reproducible as documented by the maximal induction 
of IL-6 expression by IL-ip in 12 independently derived N-Fb and 
T-Fb preparations (Figure IE). Despite variable basal expression, 
there was a consistent 10- to 100-fold induction in both N-Fb and 
T-Fb that was independent of passage number. This IL-1 response 
demarked the testable range for Ep-derived FSA. 

PDT-induced presentation of DAMPs and FSA by primary 
lung Ep 

The PDT-dependent release of cellular material was determined on 
confluent Ep cultures that were incubated for 30 min with HPPH, 
followed for 24 h with PS-free medium. Within this time period. 
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Figure I Fibroblasts as target for irritants and alarmins. (A) Monolayers of primar/ cultures of N-Fb, passage 4, were treated for I 5 min with the irritants 
or cytokines listed at the bottom. The changes in the phosphorylation of the signalling proteins indicated on the right were determined by western blotting. 
(B, C) N-Fb were treated for 24 h as indicated and then were exposed for 1 5 min to CSFE-stained neutrophils. Adherent neutrophils were imaged by 
CSFE-fluorescence (B, bottom panel, and C) and the change in the expression of ICAM-1 as well as the neutrophil-associated haptoglobin determined by 
western blotting (B, upper panels). (D) separate cultures of N-Fb were treated with the cytokines indicated at the bottom and analysed for the 15-min 
response to activate NFkB and p38 and for the 24-h response to induce ICAM-1 and binding of CSFE-stained neutrophils. (E) Baseline and IL- 1 j8-inducible 
IL-6 production by early (P3-I0) and late (P> 10) passage culture of N-Fb and T-Fb were quantified by bioassay and Luminex immunobead-binding assays. 
Box plots compile data from 8 to 24 independent culture sets. 



HPPH reached a steady-state subcellular distribution with 
predominant localisation to mitochondria (Figure 2A) (Zheng 
et al, 2009). The amount of cellular HPPH was quantified based on 
fluorescence (Figure 2C). HPPH-mediated photoreaction was 
evaluated either immediately after light treatment by the oxidative 
crosslinking of STATS, loss of EGFR and the activation of p38 
MAPK (Figure 2B) or 24 h later by the number of surviving cells 
(Figure 2C). The results indicated a highly reproducible 



relationship: under the conditions used to incubate Ep with 
HPPH, the amount of cell-associated HPPH, yielding - 25 FU, 
mediated ~1% STATS crosslinking and ~50% cell kill, and 
HPPH, yielding- 50 FU, produced -2% STATS crosslink and 
95-100% cell kill. Cell death at HPPH doses <50FU (or -25- 
50 nM) was mostly owing to apoptosis, whereas death by 
PDT at HPPH doses >50FU (or >50nM) was due to necrosis 
(Liu et aU 2004). 
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Figure 2 Effect of PDT on lung Eps. (A-E) Replicate N-Ep cultures, passage 2, in 6-well culture dishes were incubated for 30min with the indicated 
concentrations of HPPH followed by 24 h incubation in HPPH-free medium. Mitochondrially localised HPPH was determined by fluorescent microcopy 
(A, X 100 magniflcation) and quantified (C, open circles). The cultures were exposed to 665 nm light. Cells from one culture set were immediately 
extracted and analysed for the indicated proteins by western blotting (B). The second set of cultures was incubated for an additional 24 h. The relative level 
of viable cells was determined (C, closed circle). Equivalent aliquots of culture supernatant and lysate of adherent cell material were analysed by western 
blotting for the indicated proteins (D). Additional aliquots of conditioned media were 1 0-fold diluted and used to treat N-Fb in 48-well plate for 24 h (E, F). 
The treatment-dependent change in the cellular expression of ICAM-I was determined by western blotting (E), binding of neutrophils (F, open squares, 
LUxlO^) and release of IL-6 activity determined on H-35 cell assay (F, closed squares). The same diluted EC-conditioned media were used to treat primary 
pulmonary macrophages for 24 h for determining the effect on IL-6 production (G). (H, I) Primar/ cultures of BEC (n = 1 2), N-Ep (n = 1 2), T-Ep {n= 12) 
(H) and established Ep lines (I) were analysed for basal line and PDT-induced (50 nM HPPH or lOOnM HPPH-Gal) release of FSA during the 24-h post-PDT 
culture period. Box plots represent compilation of data derived from separate cell preparations representing passages 2 to 7 (H) and repeat (n = 3-l2) 
measurements on individual cultures of established lines for up to passage 90 (I). 
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Cell death was correlated with the loss of cellular proteins from 
adherent cells and corresponding appearance of these in culture 
medium (Figure 2D). Release of cellular proteins as a function of 
PDT dose and cell death is reflected in the immune-detectable 
amount of cytoplasmic (HSP90, HSP70 and PRXl), mitochondrial 
(cytochrome C) and nuclear (HMGBl) DAMPs. Analyses of cell- 
free supernatants from Ep cultures on Fb indicated a basal level 
and PDT-dependent increase of FSA (IL-6 production), expression 
of ICAM-1 and binding of neutrophils (Figure 2E and F). The 
recovery of FSA reached a maximum at a PDT dose that correlated 
with nearly 100% cell death. Higher PDT doses reduced FSA 
despite more abundant DAMP release (Figure 2F). 

To assess whether Ep CM contained irritant-like activity attribu- 
table to DAMPs, including ligands for TLR-2, -4 and -5, we tested the 
same culture supernatant on primary pulmonary macrophages 
(Figure 20). Although these cells are highly effective in recognising 
irritants, such as LPS, and respond with prominent induction of 
proinflammatory cytokines, only media from Ep cultures subjected to 
high-dose PDT showed stimulatory activity. In contrast to Fb 
(Figure IE), macrophages did not measurably respond to IL-1 by 
enhanced IL-6 production (Figure 20 and data not shown). 

Malignant transformation changes expression and 
PDT-dependent release of FSA 

To evaluate basal expression and PDT-dependent increase of FSA 
by primary lung Ep, as well as the impact of malignant 
transformation on these properties, Ep from bronchial section 
(BEC), peripheral portions of non- tumour- involved lung specimen 
(N-Ep) and from tumours (T-Ep) were analysed. A 50-nM HPPH- 
PDT dose was used because it is predicted to yield maximal FSA 
release over the subsequent 24 h. While there was a large range of 
basal FSA release among cell preparations, a ~ 10-fold maximal 
increase by PDT was determined for all N-Ep and most T-Ep 
(Figure 2H). There was no significant difference in FSA release by 
cells subjected to equally effective PDT through mitochondrially 
localised HPPH or lysosomally localised HPPH-Oal. Among 21 
cases of lung tumours, two adenocarcinoma cases (L297 and L299) 
were exceptions in that they showed a ~ 50-fold elevated basal FSA 
activity that was further enhanced by PDT (Figure 2H). 

While all N-Ep and most T-Ep cultures have limited expansion 
(3-7 passages), some cases maintain proliferative activity for 
extended passages. These cultures generally retained FSA produc- 
tion and PDT-inducible release, albeit at lower level compared with 
normal cells (Figure 21). One line (L301) proved to be devoid of 
FSA and was comparable to the established lung cell line A549. 

To assess PDT-mediated changes in Ep at the level of trans- 
cripts, BEC cultures were subjected to 25 nM HPPH-PDT (-50% 
cell death), leaving sufficient surviving cells for detecting inducible 
genes. RNAs extracted 2 and 24 h post PDT were subjected to an 
Affymetrix genechip array. In close agreement with previous reports 
regarding other cell types (Buytaert et al, 2008; Sanovic et al, 2009; 
Kammerer et al, 2011), the major transcript changes were determined 
for genes encoding stress response with a striking minimal alteration 
for cytokines and chemokines associated with tissue damage 
(Supplementary Table 1). A three-fold increase was detected for IL- 
6, but the relative expression level of IL-6 remained low, not yielding 
biologically effective cytokine concentrations as determined by the 
lack of STATS phosphorylation in Fb (Figure lA) or by a 
nonsignificant induction of OFP in the H-35 cell assay (data not 
shown). Treatment of Ep with actinomycin D or cycloheximide before 
PDT did not measurably lower the release of FSA (data not shown) 
suggesting that FSA constitutes preformed alarmins. 

PDT dose- and time- dependent release of FSA and DAMPs 

The kinetics by which FSA (Figure 3A) and DAMPs (Figure 3B) 
were released by Ep following PDT indicated that the appearance 



FSA and cellular constituents in the medium temporally coincided 
to 50-100 nM HPPH-PDT. At lower PDT doses (e.g., mediated by 
25 nM HPPH, Figure 3A and B) that promoted apoptotic cell death, 
we consistently observed that the release of FSA was temporally 
delayed with higher amounts recovered several hours post PDT. In 
contrast, at higher PDT doses and despite the progressively 
enhanced immediate cell killing, the recovery of FSA was reduced 
relative to DAMPs. Based on >50 separate analyses, the optimal 
recovery of FSA was determined following PDT with 50-100 nM 
HPPH that yielded roughly equal amounts of FSA released within 
the first 2 h post PDT and the subsequent 22 h. 

Major bioactive component of FSA is IL-1 a 

To assess the molecular complexity of FSA, conditioned Ep media 
were size-fractionated under physiological conditions on a 
Sephadex 01 50 column (Figure 4). Fb- stimulatory activity from 
cells without PDT eluted predominantly with ~ 17kD (Figure 4B). 
Medium collected 2h after PDT showed enhanced activity at the 
17-kD position with additional activity at ~35kD. Medium 
collected 2-24 h post PDT had further enhanced FSA activities at 
17 and 35 kD and minor activities at ~50 and ^lOOkD. Western 
blot analyses indicated an overlap of cytochrome C with 17kD 
FSA, whereas PRXl and HMOBl in part co-eluted with FSA at 
50 kD and higher (Figure 4A, upper panel). Elution of HMOBl, as 
with actin and PRXl, at an apparent molecular size larger than 
found for the denatured and reduced protein, suggested associa- 
tion with complexes that did not disaggregate under physiological 
salt and pH conditions. Chromatography of recombinant IL-ip 
yielded a single activity peak at 17kD (data not shown) and COS-1 
cell-derived IL-1 a eluted with the major activity at 17kD and 
second portion at ~35kD (Figure 4B). The elution of IL-la 
activity coincided with that of IL-la protein in Ep homogenate 
(Figure 4 A, lower panel) and is in agreement with the properties 
reported for the pro-form and proteolytically processed IL-la 
(Moussion et al, 2008; Oross et al, 2012). 

The size profile for FSA as determined by the induced IL-6 
production (Figure 4B), was similar to that for enhanced neutrophil 
binding (Figure 40). This concordance suggests that both responses 
are determined by the same set of mediators of which IL-1 isoforms 
appear to be involved. Signalling analyses (Figure IB and D) have 
demonstrated the ability of Fb to respond to IL-la and IL-lj], but not 
to the related forms IL-1F9 (IL-367) and IL-33. 

The relative contribution of IL-la and IL-lj] to FSA was 
determined by antibody-mediated neutralization of signalling 
(Figure 5A), increased production of IL-6 (Figure 5B) and 
enhanced neutrophil binding (Figure 50). The data indicated that 
FSA released by non-PDT-treated Ep is primarily composed of 
IL-ip and IL-la. The elevated basal level of FSA observed for 
certain preparations of T-Ep cultures (L297 and L299; Figure 3A) 
was mainly attributable to a higher concentration of IL-ip (data 
not shown). PDT caused the release of intracellular IL-la 
accounting largely for FSA detectable in non-fractionated OM as 
well as the size-separated fraction (Figure 5A). In line with the 
predicted mode of IL-la's alarmin function (Dinarello, 2009; 
Oohen et al, 2010), PDT-dependent cell damage mobilised the 
release of this IL-1 from a pre-existing intracellular pool. The 
amount of biologically active IL-1 in intact Ep cultures was 
confirmed by the analysis of whole-cell homogenate (Figures 4A 
and 5A). Quantification of immunoblot signals indicated that the 
combined antibody-dependent neutralization of IL-la and IL-1^ 
reduced Ep-derived FSA by 80-95%. 

Ep-derived FSA activates a proinflammatory programme 
in Fb 

As PDT-dependent tissue damage is an effective activator of local 
inflammation, we determined the profile of gene regulation by 
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Figure 3 Kinetics of FSA and DAMP release by PDT-treated T-Ep. Adenocarcinoma-derived T-Ep, passage 4, in a 6-well plate was treated with the 
indicated concentrations of HPPH for 30min followed by a 24-h culture period. After light treatment, the cultures were incubated for additional 24 h with 
periodic collection of CM and replacement with fresh media. Aliquots of the culture media were three-fold diluted, used to determine FSA by treating N-Fb 
for 24 h and determining the IL-6-dependent induction of GFP in H-35 cells (A). Equal aliquots of Ep-conditioned media were analysed for the indicated 
proteins by western blotting (B). 



Ep-derived FSA in Fb. Transcripts isolated after 24 h treatment 
were analysed by Affymetrix genechip array (Table 1). Three 
separate assays yielded highly consistent patterns that bore the 
signature of IL-l-type proinflammatory mediators (Nowinski et al, 
2004; Taberner et al, 2005). The list of inducible genes indicated a 
particularly high induction of several CXC chemokines, which, 
along with ICAM-1 induction, correlates with the prominent 
neutrophil binding of treated Fb (Figure IC). The increase of IL-6- 
type cytokines (IL-6, IL-U and LIF) is in line with the bioactivity 
reported by the H-35 cell assay (Figure 2F). No appreciable 
induction of IL-la or IL-ip was determined, whereas the related 
family member IL-33 was several fold increased. As Fb did not 
respond to IL-33 (Figure ID), an autocrine action was excluded. 

Subcellular site of PDT dictates release of FSA and cell 
death 

The studies thus far used mitochondrially localised HPPH. Plasma 
membrane-confmed and lysosomally localised PSs are two 
additional PDT options (Zheng et al, 2009; Mitsunaga et al, 
2011; Tracy et al, 2011). To determine the impact of the 
photoreaction at these sites, HPPH-Gal was applied. 2-(l- 
Hexyloxyethyl)-2-devinylpyropheophorbide-a-Gal binds to the 
plasma membrane, is endocytosed and accumulates in lysosomes 
(Figure 6A). To limit the photoreaction to the cell surface, HPPH- 
Gal binding and light treatment were carried out on ice. The 
photoreaction at the plasma membrane and lysosomes resulted in 
an oxidative crosslinking of STAT3 and loss of EGFR that was 
proportional to the amount of cell-associated PS (Figure 6B and C). 
The PS dose-effect relationship was comparable to that deter- 
mined for HPPH-PDT (Figure 2B). However, the surface 



photoreaction proved to be ~ 10-fold more effective in cell killing 
than the lysosomal reaction (Figure 6B), the latter being 
comparable to that of mitochondrial PDT (Figure 2B). Fb- 
stimulatory activity release (Figure 6D) correlated with cell death 
and the appearance of cellular proteins in the culture supernatant 
(Figure 6E). Of note is that despite the immediate lethal response 
to HPPH-Gal PDT, externalisation of cellular proteins was not 
instantaneous, but occurred over several hours. Moreover, and 
confirmed in three independent experimental series, surface PDT 
did not result in the detectable release of cytochrome C, whereas 
lysosomal, like mitochondrial, PDT yielded cytochrome C release 
(Figure 6E). Recovery of FSA from cells subjected to lysosomal 
PDT, as with mitochondrial PDT, peaked with the dose at which 
close to 100% cell death was reached (Figure 6D). At higher PDT 
doses, recovery of FSA in the culture medium was lower. 

Intracellular, but not extracellular, PDT inactivates cellular 
alarmins 

The identification of IL-la as the major alarmin of Ep exposed to 
lethal PDT (Figure 5) suggested that cell-associated IL-1 activity 
preexisted and no PDT-induced expression was required 
(Supplementary Table 1). The amount of IL-1 in Ep cultures was 
determined by testing cell-free homogenates and corresponding 
conditioned media to stimulate, in a dose-dependent manner, IL-6 
expression in Fb (Figure 6F and G). The concentrations measured 
by the bioassay could be confirmed for selected samples by 
quantitation of the cytokine proteins with the Luminex immune 
bead assay (data not shown). Two distinct PDT modes were 
evaluated: intracellular HPPH-PDT and cell surface HPPH-Gal- 
PDT. The accumulation of HPPH in mitochondria was 
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Figure 4 Size separation of proteins in CM of PDT-treated T-Ep. Duplicate cultures of T-Ep, passage 3, in a I O-cm-diameter culture dish were treated 
either as light control or with 25 nM HPPH-PDT. Conditioned medium 2 and 24 h post PDT were concentrated and subjected to chromatography on a 
G- 1 50 Sephadex column. Proteins in each fraction were analysed for the indicated proteins (A, upper panel), FSA in the coupled Fb-H-35 cell assay (B) and 
for induced neutrophil binding to the treated Fb (C). Detection of the FSA activity by chromatographed COS- 1 cell-derived IL- 1 a is included in (B and C). 
The centrifuged homogenate of untreated T-Ep from one lO-cm dish was similarly size fractionated and the entire fractions were analysed for IL- 1 a protein 
by western blotting (A, lower panel). The elution positions of the molecular size markers (in kDa) are indicated at the top of the column elution profile. 



proportional to the concentration of HPPH added to the culture 
medium (Supplementary Figure lA). In contrast, HPPH-Gal 
binding to the cell surface was limited by saturation of 
extracellular binding sites that occurred at ~1000nM HPPH-Gal 
(Supplementary Figure IE). In both settings, however, the amounts 
of cell-associated PS at the highest concentrations were in several- 
fold excess to that necessary for 100% lethal PDT. 

An HPPH-PDT dose-dependent loss of cell-associated FSA 
was detectable and reached zero at the highest PDT dose 
(Figure 6F). The loss of FSA from the cellular fraction at a lower 
PDT dose correlated with the appearance of FSA in the culture 
supernatant with a maximum at ~50nM HPPH. At higher PDT 
dose, FSA in the culture medium decreased to zero, indicating a 
complete inactivation of cellular FSA/IL-1 activity in HPPH-PDT- 
treated culture. 

A different outcome was determined for Ep subjected to cell 
surface PDT. All cells were killed at the lowest HPPH-Gal 
concentration (Supplementary Figure IE) and that was accom- 
panied by a depletion of FSA from the cellular material 
(Figure 6G). Essentially all cell-associated FSA could be recovered 
in the CM irrespective of the level of PDT. At high HPPH-Gal-PDT 
doses, the cellular remnants were fixed to the support as seen for 
HPPH-treated cells, but differed in that all nuclei show a marked 
vacuolar structure (Supplementary Figure ID and F). Taken 
together, these results indicate that the mode of PDT determines 
not only the level of cell stress and lethal progression, but also the 
presentation of alarmins. 



DISCUSSION 

This study revealed that PDT is not only effective in killing target 
Ep, but also potently simulates stromal Fb, and surprisingly to a 
much lower extent macrophages, to express proinflammatory 
mediators. This property reflects the combined action of all 
alarmins released by the PDT-damaged cells and is considered to 
be relevant for initiating inflammation at the site of PDT in vivo. 
Hallmarks of this process are the induced expression of CXC 
chemokines, enhanced cell surface presentation of ICAM-1 and 
increased neutrophil binding. Recruitment of neutrophils and their 
local retention in turn assist in the delivery of heightened 
inflammatory cues by neutrophil-derived mediators and extra- 
cellular enzyme activities (Chalaris et a/, 2007; Bratton and 
Henson, 2011; Lefrancais et al, 2012). Unlike mechanical cell 
damage that similarly triggers local inflammation that is propor- 
tional to the extent of cell damage, the response to PDT 
incorporates a PDT type- and dose-dependence that leads to Fb 
stimulation that is not strictly proportional to the magnitude of 
photoreaction. Hence, by selecting PDT conditions that involve 
site-specific delivery of PS and intensity of photoreaction, the level 
of the local inflammatory response can be predetermined. The 
dose dependence of the PDT-induced inflammatory reaction and 
subsequent systemic acute phase responses in vivo has been 
observed earlier (Gollnick et al, 2003; Henderson et al, 2006; 
Kousis et al, 2007; Seshadri et al, 2008). Here, we report an 
in-depth examination of the mechanisms involved. 
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Figure 5 Identification of IL-la and IL-lj8 as Ep-derived FSA and alarmin. Conditioned medium of control Ep cultures (Ep-PDT) and PDT-treaded Ep 
cultures (£p + PDT), whole-cell homogenate of control Ep and Sephadex G- 1 50-purified 1 7 kD FSA were reacted with antibodies against IL- 1 a or IL- 1 j5 as 
indicated and then tested for the ability to activate signalling (A), to enhance IL-6 that induces GFP expression in H-35 cells (B) and to increase neutrophil 
binding (C). 



The principal alarmin in the Ep model is IL-la, which is 
particularly effective on Fb. The prominence of IL-la as an Ep 
alarmin is in accordance with previous reports (Dinarello, 2009; 
Cohen et al, 2010). While resident tissue macrophages function as 
the primary guards against pathogens and respond to these by 
massive release of inflammatory mediators (Laskin et al, 2011), 
these cells do not appear to recognise PDT-damaged Ep-derived 
alarmins as effective stimulants. Moreover, while DAMPs have 
been found to exert alarmin functions (Bianchi, 2007), our assays 
could not assign an appreciable activity to these. The quantitative 
assessment of the Fb response to IL-1- or Ep-derived alarmins 
indicated an induction and secretion of cytokines, such as IL-6, 
which approached that of endotoxin-activated macrophages 
(Figure IE and 2F-I). While the photoreaction in target cells is 
highly effective in eliciting oxidative reactions that induce 
transcription of stress response (Buytaert et al, 2008; Kammerer 
et al, 2011), the PDT-regulated expression of IL-6 and related 
cytokines by Ep appears to be functionally inconsequential. 
Considering the abundance of stromal cells in lung and tumour 
tissue, the local presentation of inflammatory mediators through 
Fbs alone will be appreciable. High-level production of IL-6 by 
non-hematopoietic cells at sites of PDT-mediated tissue damage 
has been implicated to contribute to systemic distribution and 
activation of acute phase responses at distal organ sites (Gollnick 
et al, 2003; Kousis et al, 2007). 

Kinetic studies of DAMP and IL-1 release indicated that even 
upon lethal light treatment with internalised PS, alarmins are not 
immediately released. Fb-stimulatory/IL-1 activity leaks into the 
extracellular milieu over several hours (Figure 3). At extremely 
high PDT doses, IL-1 activity was reduced, possibly through direct 
inactivation by oxidative reactions and/or degradation through 
intracellular proteases, or its release obstructed by the oxidative 
crosslinking of cellular structures. Photodynamic therapy 
mediated by cell surface-bound PS is highly lethal and facilitates 
the release of intracellular material, including alarmins. Moreover, 
while oxidative reactions propagate into the intracellular compart- 
ments, accounting for STAT3 crosslinking (Figure 6C), these 



reactions, together with any degrading activities, are ineffective in 
inactivating IL-1 (Figure 6F). Hence, we predict that surface- 
directed PSs, which often are present at lower concentrations on 
target cells than internalised PS (Mitsunaga et al, 2011), would still 
be able to achieve lethal action and would mobilise a prominent Fb 
response. 

PDT-stimulated inflammation aids tumour control through the 
recruitment of immune cells to the treatment site, enhanced 
antigen uptake and processing by dendritic cells and phagocytes, 
and development of antitumour effector function by lymphocytes 
(Gollnick et al, 2002; Kousis et al, 2007; Agostinis et al, 2011). 
Neutrophils retained by Fb (Figure 1) and endothelial cells (data 
not presented) add their mediators to the local milieu. The 
prominent production of IL-6 by Fb may assist in the stimulation 
of DCs and recruitment of lymphocytes through trans-signalling 
enabled by soluble IL-6 receptor-alpha released by neutrophils 
(Chalaris et al, 2007) and probably Ep as well. Some tumour cells 
intrinsically determine the level of stromal cell activation and 
inflammation by the basal expression level of IL-la and IL-ip. 
Tumours with several-fold elevated expression of IL-1, as seen for 
two adenocarcinoma-derived cell cultures (Figure 2H), may 
magnify the Fb response and inflammation. In tumour cells with 
a loss of IL-1 expression, such as A549, the inflammatory response 
should be subdued, and dependent on alarmins derived from 
collateral damage to the treated tissue. The earlier preclinical 
observation (Henderson et al, 2006; Seshadri et al, 2008) that high- 
dose PDT was capable to cause extensive tumour necrosis but a 
relatively low inflammatory tissue reaction can now be explained, 
in part, through the PDT-mediated inactivation of alarmins. 

Contrary to the beneficial role of inflammation, it also needs to 
be considered that an inflammatory environment and innate 
immune cells contribute paracrine factors that assist in tumour cell 
survival via activation of the NFkB pathway and enhance 
proliferation via growth factors and cytokines (Sims et al, 2010; 
Kuraishy et al, 2011; DiDonato et al, 2012). Hence, inflammation 
may not only assist in tumorigenic processes (Stathopoulos et al, 
2007; Meylan et al, 2009; Sunaga et al, 2012) but also exert 
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= epithelial cell; Exp = experiment; Expr. = expression. In three independent experiments, pairs of N-Fb cultures were treated for 24 h with medium alone or 


containing l/IO diluted 24-h-conditioned medium from BEC subjected to 50 


nM HPPH-PDT Transcripts were analysed by Affymetrix array and 


compared with control cultures 



for genes induced at least four-fold in one of the sets. 



supporting activities towards established tumours by aiding in the 
recovery of sub-lethally damaged tumour cells. Of note is that PDT 
causes fundamental changes to membrane receptor systems and 
the signal-transducing capabilities of the target cells, some of 



which are associated with growth suppression (e.g., by OSM) or 
growth stimulation (e.g., by EOF) of Ep (Wong et al, 2003; Liu et al, 
2004). The restoration of pretreatment regulatory capability of 
PDT-surviving cells appears to be a slow process that can take up 
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Figure 6 Enhanced cell damage and release of PSA by cell surface-restricted photoreaction. A, 1 00 nM HPPH-Gal was bound to the cell surface of T-Ep, 
passage 3, during 30-min incubation at 4° C followed by internalisation and lysosomal deposition during a 24-h incubation at 37° C. Fluorescent micrographs 
of the cultures at x 100 magnification are shown. (B, C) Replicate sets T-Ep cultures in 6-well dishes were reacted with the indicated concentrations of 
HPPH-Gal restricted to cell surface or to be internalised. The cell-associated fiuorescence was quantified (B, open circles) and the cells in all sets were 
treated on ice with 665 nm light. One set of cultures was immediately lysed and analysed by western blotting to the extent of STAT3 crosslinking and loss of 
EGFR (C). The other set was cultured for an additional 24 h to determine survival rate (B, closed circle). (D, E) Duplicate set of T-Ep, passage 5, were 
subjected to HPPH-Gal binding to cell surface or lysosomal accumulation at the indicated HPPH-Gal dose. The photoreaction was carried out at 0°C and 
the cultures were incubated for an additional 24 h. Conditioned media collected after 2h and 24 h were analysed for FSA on N-Fb cultures (D). Equivalent 
aliquots of cell lysates and conditioned media were analysed by western blotting for the indicated DAMPs (E). (F, G) Replicate cultures of T-Ep in 6-well 
plates were subjected to high-dose mitochondrial HPPH-PDT (F) or cell-surface HPPH-Gal PDT (G) with light treatment carried out on ice. After 4-h post- 
PDT incubation, the adherent cells, combined with cellular debris recovered by centrifugation of CM, were homogenised. Aliquots of the cell homogenates 
and cell-free-CM were analysed for the amount of IL-I activity per culture. 



to several days. Moreover, tissue damage owing to PDT inevitably 
stimulates the process of wound healing that involves enhanced 
local expression of growth- supporting extracellular matrix, pre- 
sentation of growth factors, revascularization, diminished hypoxia, 
and enhanced influx of nutrients and metabolites. Not only 
stromal cells, but PDT-surviving epithelial tumour cells as well, 
benefit from the growth-favoring action of inflammation and post- 
inflammatory reactions. As suggested by our finding, the precise 
combination of alarmin- expression status of the tumour, level of 
PS loading, intensity and duration of photoreaction, degree of 
tissue damage, composition of PDT-surviving cell population and 
profile of induced inflammatory reactions by resident and 



infiltrating cells are relevant determinants of the outcome of 
tumour PDT. The PDT-mediated mobilisation of alarmins has a 
central role in initiating this complex circuitry. Specific recom- 
mendation regarding the application of our findings to clinical 
PDT awaits the definition of the precise anti- and pro-tumour 
activities exerted by the alarmin-mobilised infiammation and 
immune cells functions. While a robust acute inflammatory 
reaction at the PDT-treated tumour sites with optimal preservation 
and release of alarmins may offer the best condition for a 
favourable anti-tumour immune response (Agostinis et al, 2011), 
the effectiveness of the inflammatory milieu onto the PDT- 
surviving tumour cells is still an unknown element. 
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